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Abstract: The Jiangmen Underground Neutrino Observatory (JUNO) is a multi-purpose neutrino experiment un-
der construction in South of China. This paper presents an updated estimate of JUNO’s sensitivity to the neutrino

mass ordering using the reactor antineutrinos emitted from eight nuclear reactor cores in the Taishan and Yangjiang

nuclear power plants. This measurement is planned by studying the fine interference pattern caused by quasi-vacu-
um oscillations in the oscillated antineutrino spectrum at a baseline of 52.5 km and is completely independent of the
CP violating phase and the neutrino mixing angle 6,;. The sensitivity is obtained through a joint analysis of JUNO
and TAO detectors utilizing the best available knowledge to date about the location and overburden of the JUNO ex-
perimental site, the local and global nuclear reactors, the JUNO and TAO detectors responses, the expected event
rates and spectra of signal and backgrounds, and the systematic uncertainties of the analysis inputs. It is found that a
30 median sensitivity to reject the wrong mass ordering hypothesis can be reached with an exposure of about 6.5

years x 26.6 GW thermal power.

Keywords: JUNO, neutrino, neutrino mass ordering
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I. INTRODUCTION

The discovery of neutrino oscillations [1, 2] is often
regarded as one of the most direct evidences for new
physics beyond the Standard Model of particle physics.
The solar neutrino deficit problem [3], first observed by
the Homestake experiment [4], was decisively resolved
by the SNO experiment in 2002 using the simultaneous
measurements of the charged current and neutral current
interactions on Deuterium, as well as the elastic scatter-
ing process on electrons [5, 6]. This was later confirmed
by the KamLAND long-baseline reactor v, disappear-
ance experiment [7]. Meanwhile, the atmospheric neut-
rino anomaly observed by several experiments [8—10]
was unambiguously resolved by Super-Kamiokande in
1998 [11] and later confirmed by the K2K long-baseline
accelerator v, disappearance experiment [12]. Both the
solar and atmospheric neutrino anomalies can be ex-
plained by the transformation of electron and muon neut-
rinos into other neutrino flavors as they propagate from
the source to the detector [13].

In the standard three-flavor neutrino framework, the
neutrino flavor eigenstates (v., v,, v.) are connected with
the mass eigenstates (v;, v, v3) via the lepton flavor mix-
ing matrix, also referred to as the Pontecorvo-Maki-Nak-
agawa-Sakata (PMNS) [14, 15] matrix, U pyns

Ve V1
Vu =U PMNS V2 s (1)
Vr V3

where the standard parametrization of U pys 1S given by
[13],

1 0 0 C13 0 szeocr
Upmns= | 0 ¢z  s3 0 1 0
0 —s523 23 —s13¢°® 0 13
cp s 0 em 0 0
—s12 ¢ O 0 e~ 0 |,
0 0 1 0 0 1
)

with the notation ¢;; = cos6;; and s;; = sin6;; being used. A
nontrivial value of the Dirac CP phase, 6 cp, leads to the
violation of the charge-conjugation-parity (CP) sym-
metry in neutrino oscillations. Here, n, (i = 1,2) are the
Majorana CP phases which are physical only if neutrinos
are Majorana-type particles and play no role in neutrino
oscillations [16].

The calculation of neutrino oscillation probabilities
also involves three mass squared differences defined as

)

Aml-zj = ml2 —m?

2 (i,j=1,2,3,i> ),
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where m; is the rest mass of the mass eigenstate v;. Note
that two of the three mass squared differences are inde-
pendent in the three-flavor neutrino framework.} The
three mixing angles 6,, 6,3, 63 and two independent
mass squared differences Am3,, |Am3,| (or equivalently
|Am3,|) have been measured with a precision of a few per-
cent [13]. In the solar sector, Am3, is dominantly determ-
ined by the KamLAND reactor v, disappearance experi-
ment [17], while 6, is mainly measured by a combina-
tion of the solar neutrino experiments, such as SNO [18]
and Super-Kamiokande [19]. In the atmospheric sector,
|Am3,| and 6,3 are mainly constrained by the v, and 7,
disappearance accelerator and atmospheric neutrinos ex-
periments such as NOvA [20], T2K [21], Super-Kami-
okande [22], and IceCube [23]. The mixing angle 63,
which connects the solar and atmospheric sectors, is best
measured by the v, disappearance reactor experiments,
Daya Bay [24, 25], Double Chooz [26, 27], and RENO
[28, 29]. The sign of Am3, (or Am3,), which is connected
to the neutrino mass ordering (NMO) problem [30], and
the value of the CP phase 6 ¢p [31], are the two major un-
knowns in the three-neutrino oscillation framework. Al-
though there are some preliminary experimental hints
[20-22], a conclusive determination will likely have to
wait for the next generation of neutrino experiments.

In literature, the neutrino mass eigenstates v;, v,, v3
are defined with decreasing v, flavor content (i.e.,
|Un > > |Upl* > Us?) [32]. The Am3, >0 is determined
through the Mikheyev-Smirnov-Wolfenstein (MSW)
matter effect [33, 34] of neutrino flavor conversion meas-
ured in solar neutrino experiments [35]. Thus, whether
my <my < my (normal ordering, NO) or m; < m; <m, (in-
verted ordering, 10) is to be determined experimentally as
both scenarios are compatible with the current data [30].
The determination of the NMO has significant implica-
tions in particle physics, nuclear physics, astrophysics
and cosmology, including the origin of neutrino masses
and flavor mixing, neutrinoless double beta decay
searches [36], supernova neutrino flavor conversion [37],
nucleosynthesis [38], and cosmological probes of the ab-
solute neutrino mass scale [39]. Therefore, determination
of the NMO is one of the most important tasks of the next
generation neutrino oscillation experiments.

In an analogous way to how the sign of Am3, was de-
termined, the determination of the NMO via the MSW
matter effect is the foundation for long-baseline atmo-
spheric and accelerator neutrino experiments, such as
DUNE [40], Hyper-Kamiokande [41], PINGU [42], and
ORCA [43]. The Jiangmen Underground Neutrino Obser-
vatory (JUNO), with a baseline of 52.5 km, takes a differ-
ent approach through the interference effect of quasi-va-
cuum oscillation of reactor antineutrinos, which is unique
and complementary to other neutrino oscillation experi-
ments.

The reactor antineutrino survival probability can be

expressed as

- -\ _ s 287 mb i 2N
P, = V,)=1-sin"20,,C\; sin" Ay
- Sin2 2913 (E%Z SiIl2 A31 + 5%2 Sin2 A32)
= 1—s5in’26,,¢}, sin” Ay
1 . 2~ 22X 2N
—Esm 26,5 <sm Az +sin A32>

1 ~ ~ ~ ~ o~
~ 50820, sin” 26, ; sin Ay, sin(Az; + Asy),

4)

where &j =cosf;, §;=sin6;;, with 6;(,j=1,2,3,i<))
being the effective matter-induced mixing angles in U
with the .same parametrization as in Eq. (2),
Ajj = AijL/AE | with A}, being the effective matter-in-
duced mass squared difference, L the baseline length, and
E the neutrino energy. In the second and third lines of Eq.
(4), we have reformulated the survival probability to
factor out the solar-dominated, atmospheric-dominated,
and NMO-sensitive terms, respectively. Note that the
quantities marked with a tilde symbol represent the ef-
fective parameters in matter, serving as counterparts of
their respective quantities in vacuum, which are obtained
by the diagonalization of the effective Hamiltonian Heg

1 [ /im0 0 A0 O
~ 1 , -
Hy=5p [U[ 0 m} o |U 0 00
0 0 m 000
| [ /@ 0 0
-l ~2 Ut ,
°F 0 m; O
0 0 m?
O]
in which the matter potential 4 is derived as [33, 34]
A=2VIGN.E~152x10%eV2.y, L. E_ (6)
Fe ' ¢ g/em® GeV’

with Gy being the so-called Fermi constant, N, is the
number density of electrons, Y, ~ 0.5 is the electron frac-
tion per nucleon and p = (2.45+0.15) g/cm?® is the estim-
ated average matter density with its associated uncer-
tainty [44]. Both the exact calculation and analytical ap-
proximations of the effective mass, and mixing paramet-
ers in Eq. (4) were employed and consistent results have
been obtained. Note that matter corrections to the v, sur-
vival probability (e.g., around the 1% level for 6;, and
Am3,) cause a slight degradation in the NMO sensitivity
and play a role in the precision measurement of oscilla-
tion parameters [45, 46]. The reactor electron antineut-
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rino survival probability at the JUNO baseline of 52.5 km
is shown in Figure 1 (bottom). For illustration purposes,
the impact of oscillations on the antineutrino spectrum
expected in JUNO under the assumption of perfect en-
ergy resolution, is shown on top (more details are given
in Section 3). The values of the neutrino oscillation para-
meters are taken from the 2020 release of the Particle
Data Group (PDG 2020) [13]: sin’6;, =0.307 +0.013,
Am, =(7.53£0.18)x 10 eV?,  Am2, = (—2.546"0034)x
1073 ev? (10), Am3, =(2.453+0.034)x 1073 eV* (NO),
sin?0)3 = (2.18 £0.07) x 1072. From Figure 1, one can eas-
ily observe that a spectral measurement with high energy
resolution is a prerequisite for the NMO determination
with reactor antineutrinos.

JUNO was designed primarily for this purpose using
a 20 kton liquid scintillator (LS) detector located at about
52.5 km from the Taishan and Yangjiang nuclear power
plants (NPPs) in Jiangmen City, Guangdong Province,
China. In this work, we update the NMO sensitivity in
JUNO compared to the previous estimate given in Ref.
[47]. Only eight nuclear reactors are considered at the
distance of around 52.5 km instead of the ten assumed in
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Fig. 1.  (color online) The expected antineutrino spectra at

the JUNO detector under the assumption of perfect energy
resolution (top) after 6 years of data taking with and without
oscillations. The blue and red lines illustrate the normal and
inverted ordering, respectively. The dotted line is scaled down
by a factor 7 for better visibility. The survival probability is
shown for the baseline of 52.5 km (bottom). The solar term
refers to the case where only oscillations due to Am2, and
sin®g), take place, i.e., sin?6;3 =0. For this case, the value
sin® @), = 0.282 is used to avoid the overlap with red and blue
curves, and other oscillation parameters are taken from PDG
2020 [13]

Ref. [47], when the JUNO experiment was first con-
ceived. Taking into account the latest detector geometry,
the increase in photomultiplier tube (PMT) detection effi-
ciency, and the latest PMT optical model [48], an im-
proved energy resolution model [49] was developed
based on the latest official simulation framework and is
used here. For the first time, we perform a joint analysis
of JUNO and its satellite experiment Taishan Antineut-
rino Observatory (TAO) [50], which provides a con-
straint of the reactor antineutrino spectral shape. Other
updates include the actual location and the overburden of
the experimental site, new inverse beta decay (IBD) se-
lection and muon-veto.efficiencies estimated using a full
simulation, the consideration of the atmospheric neutrino-
induced neutral current background and antineutrino flux
from the remote world reactors, and finally taking into
account terrestrial matter effects. All these new inputs
will be described in the following sections. This paper fo-
cuses on JUNO's sensitivity to the NMO using reactor an-
tineutrinos exclusively. However, it is worth noting that
incorporating external constraints on Am2, (or Am3,) from
atmospheric and accelerator neutrino experiments, as well
as JUNO's own atmospheric neutrino measurements, can
enhance the NMO sensitivity [47, 51, 52].

The remaining part of this work is organised as fol-
lows. In Section 2, we introduce the JUNO detector, fo-
cusing on the detector response model used in this analys-
is. In Section 3, we calculate the IBD signal and the cor-
responding backgrounds. The experimental setup of TAO
and the expected signal and backgrounds are presented in
Section 4. Section 5 describes the methodology used to
evaluate the NMO sensitivity with the main results and
discussions. Section 6 is devoted to the conclusions.

II. THE JUNO DETECTOR

The JUNO detector [47, 53] is under construction in
an underground laboratory under Dashi Hill in Guang-
dong Province, South China. A 650 m rock overburden
(1800 m.w.e) can effectively suppress the cosmic muon
flux to 4.1x1073/(s-m?). A 20 kton liquid scintillator
[54] target, consisting of ~88% carbon and ~12% hydro-
gen by mass, is contained in a 12-cm thick acrylic sphere
with a 35.4 m inner diameter. In order to determine the
NMO by precisely measuring the neutrino oscillation pat-
tern, it is crucial to achieve an energy resolution better
than 3% at 1 MeV, which is unprecedented for a detector
of this type. The acrylic sphere is surrounded by 17,612
large 20-inch high quantum efficiency PMTs, referred to
as LPMTs, and 25,600 small 3-inch PMTs, referred to as
SPMTs, yielding a total 78% photo-cathode coverage. An
ultra-pure water buffer with a minimal thickness of ~1.5
m fills the volume between the acrylic and the LPMT
photocathode. This center detector (CD) is fully surroun-
ded by an ultra-pure water Cherenkov detector that serves
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as an active veto for cosmic muons and as a passive
shield against external radioactivity and neutrons from
cosmic rays. The minimal thickness of the water detector
is 2.5 m. The cosmic muon veto system is supplemented
with an external muon tracker consisting of three layers
of plastic scintillator refurbished from the OPERA exper-
iment [55] located at the top, providing a muon track an-
gular reconstruction precision of 0.20° [56]. This system
[56] covers about 60% of the surface above the water
pool with the primary goal of providing a sample of well
reconstructed muons that can be used to benchmark the
reconstruction of the water pool and the CD. For more in-
formation about the JUNO detector, please refer to Ref.
[53].

JUNO detects reactor antineutrinos via the IBD reac-
tion on hydrogen in the liquid scintillator, v, +p — e* +n.
The positron quickly deposits its kinetic energy in the
scintillator and annihilates into two 0.511 MeV gammas,
generating optical photons through the scintillation and
Cherenkov processes that are then detected by the PMTs.
This forms a prompt signal whose energy is typically de-
posited a few nanoseconds after the IBD reaction. After
scattering in the liquid scintillator with an average " life-
time of approximately 200 ps, the neutron is captured by
a hydrogen or a carbon nucleus with roughly 99% and
1% probability, consequently producing a delayed
gamma signal of 2.22 MeV or 4.95 MeV, respectively.
The energy signature of the prompt and delayed signals,
as well as their temporal and spatial correlation, consti-
tute powerful handles to separate the IBD signal from the
backgrounds.

Precise measurement of the antineutrino energy is es-
sential for determining the NMO via the spectral distor-
tion caused by the neutrino oscillation pattern shown in
Figure 1. Dedicated energy reconstruction algorithms
have been developed to precisely determine the IBD
prompt energy [57]. A detector energy response model is
constructed as a matrix, R(E”, E*), mapping the antineut-
rino energy (E”) to the reconstructed energy of the IBD
prompt signal (E™°). The matrix is constructed by apply-
ing three effects in sequence to simulated antineutrinos of
defined energies: kinematics of the IBD reaction, energy
nonlinearity due to the scintillation and Cherenkov pro-
cesses, and energy resolution. Energy leakage caused by
escaping secondary particles affects less than 1% of the
IBD events thanks to the application of a fiducial volume
cut, and is thus not considered resulting in a negligible
impact on the energy response.

A.

In the IBD reaction, the electron antineutrino trans-
fers most of its energy to the positron. The deposited en-
ergy (E*P) for the IBD prompt signal is defined to in-
clude the positron kinetic energy and the annihilation en-
ergy of the two 0.511 MeV ys. The energy threshold of

IBD Reaction Kinematics

the IBD reaction is 1.8 MeV. Consequently, E*P is ap-
proximately equal to E”—0.78 MeV which considers the
annihilation energy. More precisely, the kinetic energy of
the positron also depends on the scattering angle of the
positron with respect to the incident antineutrino. This
results in an energy spread of the positron even for a
fixed energy of incident antineutrinos. The energy spread
causes a nontrivial effect on the deposited energy distri-
bution. Figure 2 shows the distributions of the deposited
energy, which look like rectangular distributions with
sloping tops, given incident antineutrino energies of 3
MeV, 4 MeV, and 5 MeV, respectively. We integrate the
scattering angle using the double differential IBD cross
section, which is-a function of the neutrino energy and the
scattering angle [58]. The final-state neutron in the IBD
reaction carries a few tens of keV of kinetic energy,
which is anti-correlated to the energy spread of the
positron. The neutron kinetic energy is mostly undetect-
able in the detector due to the large scintillation quench-
ing of any protons or carbon nuclei it might scatter with.
By adding the kinetic energy of the neutron after quench-
ing to the prompt energy of the IBD process, the positron
energy spread would be partially cancelled. In this ana-
lysis, we ignore the neutron kinetic energy and consider
only the positron kinetic energy and its spread.

B. Nonlinear Energy Response

The relation between the deposited energy and the
number of scintillation photons detected by PMTs is not
linear, primarily due to quenching. The Cherenkov pro-
cess contributes <10% photons in the energy region of
IBD positron in JUNO LS. The Cherenkov radiation de-
pends on the particle's track length above the Cherenkov
threshold and it is also a nonlinear function of the
positron kinetic energy. The instrumental charge nonlin-
earity of the JUNO PMTs and the associated electronics
can be calibrated with a residual less than 0.3% thanks to
the dual-calorimetry calibration technique [59]. The en-
ergy nonlinearity distorts the prompt energy spectrum and
is thus essential in the NMO determination.

We define the liquid scintillator nonlinearity (LSNL)
as EVS/E%P where E%P is the deposited energy in the
scintillator and E® is the visible energy defined as the
expected reconstructed energy assuming perfect energy
resolution. The LSNL is different between positrons, i.e.
signal events, and gammas, i.e. calibration events, be-
cause of their different energy deposition pattern. In this
paper, the term LSNL refers to the positron LSNL by de-
fault, which is primarily calibrated by gamma calibration
sources, considering the conversion between positron and
gamma. The nonlinearity response of the JUNO detector
will be measured with similar calibration sources and
procedures as in Daya Bay [60], whose scintillator com-
position is similar. Therefore, in this sensitivity study it is
assumed that a comparable precision can be reached and
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Fig. 2.

(color online) Energy conversion probability density functions (PDFs) of the deposited energies, visible energies, and recon-

structed energies of the IBD prompt signal for three typical antineutrino energies. The deposited energy, which is approximately equal

to EY—0.78 MeV, includes the positron kinetic energy and annihilation energy. The conversion from the deposited energy to visible en-

ergy (proportional to the expected number of photons) is described by the positron LSNL, and the conversion to reconstructed energy is

described with the energy resolution. The areas of the PDFs are proportional to the cross sections at the three typical antineutrino ener-
gies. The LSNL curve, which is the same for both JUNO and TAO, is shown in the inset. The energy resolutions for JUNO and TAO

are also shown in the inset.

that the relative systematic uncertainty of the nonlinear-
ity calibration is the same as in Daya Bay [60]. A nomin-
al nonlinearity curve shown in the inset of Figure 2 is ob-
tained by simulation of the IBD positrons in the JUNO
detector, including all detector effects. The nominal non-
linearity curve is used in the calculation of the visible en-
ergy spectrum. To account for the systematic uncertainty
of nonlinearity, the methodology employed in the Daya
Bay experiment [60] is adopted for JUNO. A Monte
Carlo method is used to generate various nonlinearity
curves by sampling and fitting the calibration data while
considering their uncertainties. Among these various non-
linearity curves, four basic curves are selected to repres-
ent four typical variations with one standard deviation. A
variable nonlinearity curve is generated by the combina-
tion of the nominal nonlinearity curve and the four basic
nonlinearity curves. The weighting factors used in the
combination are assigned as four constrained nuisance
parameters, which effectively control the variations in the
prediction of the energy spectrum.

C. Energy Resolution

An excellent energy resolution is required to effect-
ively discriminate between the two possible NMO signa-
tures in the prompt energy spectrum. Therefore, under-
standing the different elements that contribute to the en-
ergy resolution is critical for this study. The detector's en-

ergy resolution is dominated by the statistical fluctuation
of the number of detected photoelectrons (PE). To con-
sider the systematic effects in the energy resolution, we
define a parametrization formula for the prompt signal's
relative energy resolution

#(

where a is the term driven by the Poisson statistical fluc-
tuation of the number of detected photoelectrons, b is
dominated by residual effects after correcting the detect-
or’s spatial non-uniformity, and ¢ is dominated by the
PMT dark noise and the fluctuations of energy depos-
ition for the annihilation gammas. Other systematic ef-
fects contributing to the energy resolution, which are of
minor importance, are also accounted for with this for-
mula [49].

A previous study showed that JUNO could achieve a
photoelectron yield of 1345 PE/MeV for the neutron cap-
ture on hydrogen at the detector center and an energy res-
olution of 3% at 1 MeV in the fiducial volume[59]. In
this analysis, the photoelectron yield is updated to be
1665 PE/MeV and the energy resolution is improved to
be 2.95% at 1 MeV. This improvement is a result of a
deeper understanding of the energy resolution using a full
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simulation and the latest information available on the de-
tector design and construction, including photoelectron
statistics, scintillation quenching, Cherenkov radiation,
dark noise, charge response of the PMTs, readout elec-
tronics, vertex reconstruction resolution, and non-uni-
formity in energy reconstruction. The details of this study
can be found in Ref. [49], and the major updates contrib-
uting to the improvement are the following:

e The average photon detection efficiency of the CD
PMTs is updated to 30.1% based on the mass testing data
of PMTs [61], which is better compared to the nominal
requirement of 27%. As a result, the photoelectron yield
is increased by a relative 11%.

e The latest detector geometry in the detector simula-
tion increases the photon acceptance with better model-
ling of the reflective surfaces of the detector components,
resulting in a 3% increase of the photoelectron yield.

e Using the measured angular and spectral dependen-
cies of the PMTs’ detection efficiency, a unified optical
model is implemented in the detector simulations of Daya
Bay and JUNO that accounts for photon interactions in
the glass of the PMTs and for the optical processes occur-
ring inside of the PMT volume [48]. The photoelectron
yield is increased by 8% after benchmarking the JUNO
simulation result with the photoelectron yield observed in
the Daya Bay experiment [49].

The updated energy resolution curve is shown in the
inset of Figure 2 as a function of reconstructed IBD
prompt energy for events uniformly distributed in the fi-
ducial volume. We simulate a large number of positrons
at various fixed energies and fit their energy distributions
with Gaussian functions to obtain their energy resolu-
tions. By fitting the obtained energy resolutions with the
expression given in Eq. (1), we find that «
2.61% vMeV, b = 0.64%, and ¢ = 1.20% MeV. The en-
ergy resolution uncertainty depends on the calibration
strategy performed in the JUNO detector. A Monte Carlo
simulation study of various calibration sources and an ex-
traction of the energy resolution are also carried out in
Ref. [49]. The absolute uncertainties on a, b, and c are
0.02% vMeV, 0.01%, and 0.04% MeV, respectively, and
are used in this analysis.

Figure 2 shows the deposited, visible, and reconstruc-
ted energy distributions for reactor antineutrinos of three
different energies. The reconstructed energy distributions
are slices of the full energy response matrix. The nomin-
al nonlinearity and energy resolution of JUNO are shown
in the inset of Figure 2 as functions of deposited and vis-
ible energy. A similar procedure is followed for the TAO
detector response, as described in Section 4. The TAO
detector has a better energy resolution, which is also

shown in the inset of Figure 2. The visible energy scale is
determined by the choice of the n-H capture gamma peak
at 2.2 MeV as the anchor point, which forces the gamma
E"s/ E% nonlinearity curve (not shown) to cross 1 at 2.2
MeV. At this energy scale, the positron nonlinearity
curve crosses 1 for deposited energy around 3.2 MeV.
The visible energy shift with respect to the deposited en-
ergy is due to the liquid scintillator nonlinearity.

III. EXPECTED SIGNAL AND BACKGROUNDS

A. Reactor Antineutrino Flux

The reactor antineutrinos detected in JUNO mainly
originate from the Taishan and Yangjiang NPPs, which
have two and six reactor cores, respectively. The location
of the JUNO experiment is selected to be almost
equidistant from all the reactor cores. Information on the
real-time operation of the reactors in the Taishan, Yangji-
ang, and Daya Bay NPPs is essential to predict the react-
or antineutrino flux and spectrum in JUNO. The reactor
power, baselines, and expected IBD rates after oscilla-
tion from the Taishan, Yangjiang, and Daya Bay reactor
cores are summarized in Table 1. These were also used as
inputs for the study in Ref. [44] that presented an up-
dated sensitivity to the oscillation parameters. The anti-
neutrinos from Daya Bay carry essentially no informa-
tion of the NMO due to the different baseline compared
to the Taishan and Yangjiang NPPs and slightly reduce
the NMO sensitivity. The Huizhou NPP, located 265 km
away, will not start operation until several years after data

Table 1.
considered as antineutrino sources in this analysis: Taishan

Characteristics of NPPs and their reactor cores

and Yangjiang, at an average distance of 52.5 km, and the
next closest, Daya Bay. The IBD rates are estimated from the
baselines, full thermal power, and the oscillation probability
with the neutrino oscillation parameters listed in Section 1.

Reactor Power [GWy,]  Baseline [km]  IBD Rate [day~']
Taishan 9.2 52.71 18.4
Core 1 4.6 52.77 9.2
Core 2 4.6 52.64 9.2
Yangjiang 17.4 52.46 353
Core 1 2.9 52.74 5.8
Core 2 2.9 52.82 5.8
Core 3 2.9 52.41 5.9
Core 4 2.9 52.49 5.9
Core 5 2.9 52.11 6.0
Core 6 2.9 52.19 5.9
Daya Bay 17.4 215 3.65
Total IBD rate 57.4
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taking and has not been considered in this analysis due to
its small impact and uncertain schedule. The other run-
ning NPPs are more than 300 km away, and their contri-
bution is estimated to be approximately one IBD event
per day according to the world nuclear reactor informa-
tion [62]. In this paper, they are treated as the "world re-
actors" background since their signals provide no useful
information on the NMO.

The expected reconstructed energy spectrum of the
IBD signal observed at the JUNO detector can be ex-
pressed as

15 MeV
S(E*)=N,-e- / dt / dE"-®O(E",1)-o(E")-R(E",E*),

Tpag  1.8MeV

®)

where N, =1.44x10* is the number of free protons in
the 20-kton liquid scintillator used as the detector target,
€ =82.2% is the IBD event selection efficiency to be in-
troduced later in Section 1.2, Tpaq is the data-taking time,
®(E”,r) is the oscillated reactor antineutrino flux in
JUNO at time ¢, o(E") is the IBD cross section, and
R(E”,E™) is the detector energy response function that
includes the effects described in Section 2. The integra-
tion interval of the antineutrino energy starts from the
IBD reaction threshold at 1.8 MeV and ends at 15 MeV,
above which the reactor antineutrino flux becomes negli-
gible.

In commercial reactors, electron antineutrinos are
generated from the decays of the fission products of four
major isotopes, U, 2¥U, **Pu, and 2*'Pu, which con-
tribute more than 99% of the total neutrino flux above 1.8
MeV. The oscillated antineutrino flux at time ¢ is pre-
dicted as

W.()
Ziﬁr(t)ei

VeV, EV’Lr
CD(EV,t)zzpf o )

e > FOS(E, (9)

where #5,_; (E”,L,) is the antineutrino survival probabil-
ity at a distance of L, from reactor r, with r running over
the reactor cores, W,(¢) is the reactor thermal power, f;.(¢)
is the fission fraction of isotope i among the four, ¢; is the
mean energy released per fission for isotope #, and s;(E”)
is the antineutrino energy spectrum per fission for each
isotope. The reactor thermal power and fission fractions
are time-dependent and will be provided by the NPPs
during the data-taking period. In this study, the reactor
thermal power and fission fractions are assumed to be
stable at their averaged values without loss of generality.
To account for the loss of time incurred by refueling the
reactors, which typically takes one month per year, a duty
cycle factor of 11/12 is used to scale down the thermal

power. The average fission fractions are 0.58, 0.07, 0.30,
0.05, with mean energies released per fission of 202.36
MeV, 205.99 MeV, 211.12 MeV, 214.26 MeV [63] for
35y, 28U, PPy, 24 Pu, respectively.

The v, energy spectra per fission of 2¥U, 238U, 2Pu,
and >'Pu from the Huber-Mueller model [64, 65] are
widely used to predict the reactor antineutrino flux.
However, the total observed antineutrino yield per fis-
sion shows a ~5% deficit compared with the model's pre-
diction, which is referred to as the reactor antineutrino
anomaly [66]. Furthermore, recent reactor antineutrino
experiments including ‘Daya Bay [67], RENO [29],
Double Chooz [27], NEOS [68], PROSPECT [69], STE-
REO [70] and DANSS [71] have observed some discrep-
ancies between the measured and predicted antineutrino
spectral shape, most notably in the form of an excess in
the data around 5 MeV. The reactor antineutrino rate and
spectrum were precisely measured in the Daya Bay ex-
periment, and the spectral ratio to the Huber-Mueller
model is presented in Ref. [72]. In this analysis, the v, en-
ergy spectra per fission from the Huber-Mueller model
corrected by the measurements in the Daya Bay experi-
ment [72] are used as initial values in the spectral fit.

In the measured beta decay spectra that are used as a
reference in the Huber-Mueller model, the beta decay
rates of some long-lived fission fragments do not reach
equilibrium due to limited time, while in the reactor core
these fission fragments accumulate and reach equilibri-
um. As a result, this so-called "non-equilibrium" effect
adds an additional 0.6% antineutrino flux based on the
evaluation in Ref. [65]. The spent nuclear fuel removed
from the reactor cores during refueling and placed in
cooling pools nearby still emits antineutrinos and contrib-
utes an additional 0.3% antineutrino flux based on the
calculations in Ref. [72]. Additional corrections for the
antineutrino flux rate and spectrum are applied to ac-
count for these two effects. Both the non-equilibrium and
spent nuclear fuel contributions are assigned a 30% rate
uncertainty and a negligible spectrum shape uncertainty,
as motivated from the experience of Daya Bay [72]. The
realistic reactor electron antineutrino spectrum expected
at the JUNO detector as a function of neutrino energy
with and without oscillations is shown in Figure 1.

The uncertainties in the reactor antineutrino flux are
propagated to the predicted IBD event rate. The baselines
can be measured to 1 m precision, resulting in a negli-
gible uncertainty at JUNO baselines. The reactor power
will be measured and provided by the NPPs with an un-
correlated uncertainty of 0.5% based on the experience of
Daya Bay [72]. Likewise, the fission fractions will also
be provided with an uncertainty of 5% for the four major
isotopes. The uncertainties of the fission fractions are par-
tially correlated [73] among the four isotopes and will
contribute an uncertainty of 0.6% to the predicted IBD
rate [72]. Both the uncertainties of reactor power and fis-
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sion fractions are treated as uncorrelated between reactor
cores as they are measured individually. The mean en-
ergy per fission contributes only a 0.2% uncertainty [63].
Finally, a 2% correlated uncertainty is assigned to the
IBD yield per fission, which is the product of the IBD
cross-section with the antineutrino spectrum. All these
uncertainties are drawn directly from the experience of
the Daya Bay experiment [72].

The uncertainty in the reactor antineutrino flux spec-
tral shape is constrained by using the measurements from
TAO, which will be a satellite detector with the primary
goal of providing a precise model-independent reference
spectrum for JUNO [50]. More details about the TAO de-
tector can be found in Section 4. In this analysis, two
methods are used to incorporate the constraints from
TAO. The first method performs a joint fit of JUNO and
TAO data. The detector response, expected IBD signal
and backgrounds, and their uncertainties are implemen-
ted in the analysis for TAO using a similar procedure as
in JUNO. In this analysis, JUNO and TAO share the
same antineutrino energy spectrum before oscillation.
The reactor antineutrino spectral shape is expressed us-
ing a set of free parameters in the spectral fit to avoid any
dependency on the reactor antineutrino flux model. The
second method is inspired from the recent study quantify-
ing JUNQ’s sensitivity to the oscillation parameters [44],
where the expected uncertainty from TAO’s measured

spectrum is assigned as a flux spectral shape uncertainty
for JUNO. Both methods produce consistent results. The
results of the first method are reported as nominal, while
those of the second are treated as a cross-check.

B. IBD Event Selection

Great efforts have been made in the design and con-
struction of the JUNO experiment to suppress back-
grounds applying various strategies, including radioactiv-
ity screening and control of the detector material [74],
overburden of the experimental hall to reject cosmic
muons, and sufficient shielding. Furthermore, the unique
prompt-delayed temporal and spatial coincidence signa-
ture of IBD events is a powerful handle to reject back-
ground events. A fiducial volume cut on the LS target is
applied tofurther suppress backgrounds due to the natur-
al radioactivity from the PMTs and other materials out-
side of the LS region. Cosmic muon veto cuts are applied
to_suppress the cosmogenic backgrounds generated by
muons passing through the detector. As a result, the IBD
selection significantly reduces the background-to-signal
ratio, from the level of 10° in the raw experimental data,
to less than 0.1 in the final selected IBD candidates.

A new IBD selection with an optimized veto strategy
has been developed both for this study of NMO sensitiv-
ity and the study of oscillation parameter precision in
Ref. [44]. As shown in Figure 3, most of prompt energies
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(color online) Top: Reconstructed energy spectra of JUNO in both the NO and 1O scenarios without any statistical or system-

atic fluctuations (Asimov data). The neutrino oscillation parameters from PDG 2020 [13] are used to calculate the oscillation probabil-
ity. The background spectra in the main figure are stacked on top of each other, while those in the inset are plotted individually. Bot-
tom: Relative contribution to the Ay? and cumulative Ay? obtained when fitting the 10 spectrum with the NO hypothesis. The best fit
value of Am?, in the IO spectrum is different from the values used as inputs in the top panel. The results show that the most sensitive

region for JUNO's NMO determination is 1.5-3 MeV.
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of IBD signals are within an energy window of 1 MeV to
8 MeV. The prompt IBD candidate events are restricted
to the energy window [0.8,12.0] MeV. The delayed IBD
candidate events are dominated by neutrons captured on
hydrogen and carbon, releasing gammas with total ener-
gies of 2.2 MeV and 4.9 MeV, respectively. Correspond-
ingly, the delayed energy windows are selected to be
either [1.9,2.5] MeV or [4.4,5.5] MeV. The IBD candid-
ate events are discarded if the reconstructed positions of
their prompt or delayed events are more than 17.2 m
away from the detector center (within a distance of 0.5 m
from the inner surface of the acrylic vessel). To further
reduce the accidental background formed by the coincid-
ence of two uncorrelated events, prompt-delayed pairs are
required to occur within a 1.0 ms coincidence window
and within a spatial distance of 1.5 m. The selection cri-
teria will be further tuned once JUNO begins data taking
and the actual accidental background is measured.

To suppress backgrounds induced by neutrons and
long-lived isotopes, such as °Li/3He produced by cosmic
muons, a muon veto strategy is developed. This strategy,
as reported in Ref. [44], uses a variable muon veto time
window depending on the candidate event’s proximity to
a recent muon track or a spallation neutron capture. The
details are the following:

e A veto time window of 1 ms after a muon passes
through the water pool Cherenkov detector and/or the CD
is applied over the whole fiducial ‘volume to suppress
spallation neutrons and short-lived radioisotopes. This
veto time window is effective against spallation neutrons
with an average capture time of 200 ps.

e For well-reconstructed muon tracks in the CD
caused by a single muon or two far-apart muons (> 3 m),
a veto time window of 0.6 s, 0.4 s, and 0.1 s is applied to
the candidate events with reconstructed vertices closer
than 1 m, 2 m, and 4 m away from each of the muon
track, respectively.

e For events containing two close and parallel muons
(< 3 m), which constitute roughly 0.6% of muon-related
events, a single track is often reconstructed. A veto is ap-
plied around this track as described above, but the cylin-
der's radii are increased according to their separation,
which can be inferred from the charge pattern around the
entrance and exit points on the CD.

e For events where a track cannot be properly recon-
structed, which amount to about 2% of all muon-related
events and occur primarily when more than two muons
go through the detector simultaneously, a 0.5 s veto time
window is applied over the whole fiducial volume.

e A 1.2 s veto is applied to all candidate events re-

constructed inside a 3 m radius sphere around spallation
neutron capture events. This cut helps further reject back-
grounds from cosmogenic isotope decays usually pro-
duced with accompanying spallation neutrons.

The estimated IBD detection efficiency after all selec-
tion cuts is 82.2%, which is independent of the antineut-
rino energy. A breakdown of the cut efficiencies and cor-
responding IBD rates is shown in Table 2, which is the
same as the result in Ref. [44]. The uncertainties of the
IBD selection efficiency are studied based on the expec-
ted performance of the reconstruction as evaluated with
the simulation. The uncertainty due to the fiducial volume
cutis 0.4%, estimated by considering a 2 cm vertex re-
construction bias and the correction in the radial direc-
tion. The uncertainty of the selection cuts, including the
prompt energy, delayed energy, coincidence time, and
distance cuts, is estimated to be 0.2%. The muon veto has
negligible uncertainty on the IBD rate since the rejected
time window and detector volume can be calculated pre-
cisely. The number of target protons in the detector de-
termines the IBD reaction rate and has an uncertainty of
0.9%, estimated from the Daya Bay experiment [72]
which uses a similar LS. These uncertainties constitute a
1% detector normalization uncertainty. This absolute IBD
detection efficiency uncertainty has a negligible effect on
the NMO sensitivity, which relies entirely on the spectral
shape information.

C. Residual Backgrounds

After the application of the IBD selection criteria,
about 10% of the IBD candidates are background events
which are caused by five main sources:

e Radiogenic events, such as a, B, y decays from nat-
ural radioactivity in the detector material and in the adja-
cent environment.

Table 2. Summary of cumulative reactor antineutrino selec-
tion efficiencies. The reported IBD rates (with baselines < 300
km) refer to the expected events per day after the selection cri-
teria are progressively applied. These rates are calculated for
nominal reactor power and baselines listed in Table 1

Selection Criterion Efficiency [%] IBD Rate [day‘l ]
All IBDs 100.0 57.4
Fiducial Volume 91.5 52.5
IBD Selection 98.1 51.5
Energy Range 99.8 -
Time Correlation (ATp_q) 99.0 -
Spatial Correlation (AR,—q) 99.2 -
Muon Veto (Temporal®Spatial) 91.6 47.1
Combined Selection 82.2 47.1
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e Cosmogenic events, such as fast neutrons and un-
stable isotopes produced by the interactions of cosmic
muons with detector and surrounding materials, typically
via spallation process.

e Atmospheric neutrinos, i.e. neutrinos of all flavors
created during the collisions of primary cosmic rays with
the Earth's atmosphere.

e Electron antineutrinos emitted by distant (> 300
km) reactors.

e Electron antineutrinos created in the Uranium and
Thorium decay chains in the Earth, i.e. geoneutrinos.

These five sources produce seven categories of back-
grounds listed in Table 3 and the estimated spectra are
presented in Figure 3. The accidental background is
formed by the coincidence of two uncorrelated events.
The prompt-like signals mainly consist of radiogenic
events, while the delayed-like signals mainly consist of
radiogenic events and spallation neutrons produced by
cosmic muons. The rate and spectrum of the accidental
background are estimated using the energy, position, and
rate of uncorrelated events from radioactivity as presen-
ted in Ref. [74], which uses the latest information on the
detector materials. After all the selection criteria, the re-
maining accidental background rate is estimated to be
0.8/day, with a 1% rate uncertainty and negligible shape
uncertainty due to precise energy spectrum measurement
by an off-window method.

Muons passing through the detector can produce the
long-lived cosmogenic isotopes °Li and 3He, whose cor-
related f—n decays mimic the IBD signature. The produc-
tion yields of °Li and 8He are estimated to be 127/day
and 40/day, respectively, based on the JUNO detector
simulation and the measurements from the KamLAND
and Borexino experiments [75-77]. The production of

Table 3.
ratio (B/S), and rate and shape uncertainties. The B/S ratio is

Expected background rates, background to signal

calculated by using the IBD signal rate of 47.1/day from Ta-
ble 1.

Backgrounds Rate [day™'] B/S [%] Rate Unc. [%] Shape Unc. [%]
Geoneutrinos 1.2 2.5 30 5
World reactors 1.0 2.1 2 5

Accidentals 0.8 1.7 1 negligible
9Li/3He 0.8 1.7 20 10
Atmospheric neutrinos 0.16 0.34 50 50
Fast neutrons 0.1 0.21 100 20
BC(a,n)'®0 0.05 0.01 50 50
Total backgrounds 4.11 8.7

these elements is strongly correlated in time and space
with the parent muon. After applying the muon veto
strategy described in Section 1.2, the residual °Li/*He
background rate is estimated to be 0.8/day with an uncer-
tainty of 20%. The spectral shape of the °Li/®He back-
ground is evaluated based on a calculation benchmarked
at Daya Bay [78] with a 10% uncertainty.

The fast neutron background is produced by energet-
ic neutrons generated by cosmic muons. The neutrons
scatter off protons and are then captured, thereby mimick-
ing the IBD prompt and delayed signals, respectively.
Due to the relatively short neutron capture time, the muon
veto time window: can. easily reject most of the fast neut-
rons, if muons are 'tagged by the muon veto system.
However, some fast neutrons cannot be vetoed if their
parent muons only pass through rocks around the detect-
or. The rate of the residual fast neutron background is es-
timated to be 0.1/day based on simulation, with a 100%
uncertainty. The fast neutron spectrum is assumed to be
flat in the energy range of interest with a 20% uncer-
tainty. These assumptions are reasonable as seen in both
simulation and recent reactor experiments [27, 29, 78].

The ¥ C(a,n)'®O background is formed by the interac-
tions of a particles from natural radioactivity with the *C
in the LS. The radiation emitted by the 'O excitation
state mimics the IBD prompt signal, while neutron cap-
ture emulates the delayed signal. The background rate is
estimated to be 0.05/day with a 50% uncertainty based on
the studies in Ref. [47]. The spectral shape is obtained
from simulation [78] with a 50% uncertainty assumed to
be the same as the rate uncertainty. A new estimation of
the C(a,n)'®O background [79] has been performed
with the latest JUNO software and will be published after
this paper. The impact on the NMO sensitivity has been
checked and is found to be negligible since the
BC(a,n)'*0O background rate is much smaller than other
backgrounds.

Geoneutrinos are electron antineutrinos produced by
radioactive decay chains of U and Th inside the Earth.
The total rate of the geoneutrinos is estimated to be
1.2/day in the JUNO detector with a 30% rate uncer-
tainty and a 5% spectral shape uncertainty. These rate and
uncertainties are consistent with our previous work [47].
The rate is adjusted by +0.1 day~! due to the increase of
the muon veto efficiency in this study.

World reactors whose distance is larger than 300 km
are quoted as background since they will not contribute to
the NMO sensitivity. The energy spectrum and event rate
are estimated according to the world nuclear reactor in-
formation provided in Ref. [62] with a contribution of
1.0/day. We set the rate and spectral uncertainties to be
2% and 5%, respectively.

Atmospheric neutrinos interact with the nuclei in the
JUNO detector via either charged current or neutral cur-
rent interactions. Refs. [80, 81] show that the final states
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of neutral current interactions may induce correlated
backgrounds. The energy spectrum and the event rate de-
pend strongly on the interaction generators used in the es-
timation. The background rate is estimated to be
0.16/day, and the spectral shape is evaluated using
GENIE 2.12.0 [82] as the nominal model. Both the rate
and shape uncertainties are assigned to be 50% to cover
the variation in results from the different generators.

The residual background rates and their uncertainties
are summarized in Table 3. These are the same as in Ref.
[44]. In the absence of well-motivated models that can
predict the correlation between bins in these empirical es-
timates, all background shape uncertainties in this study
are treated as bin-to-bin uncorrelated, which allows the
spectra to vary in any possible way within the specified
uncertainty envelopes.

IV. TAO EXPERIMENTAL SETUP

The Taishan Antineutrino Observatory (TAO, also
known as JUNO-TAO) is a JUNO satellite experiment
with better than 2% energy resolution at 1 MeV [50]. Its
major goal is to provide a reference spectrum for JUNO
and to eliminate any possible model dependence in the
determination of the NMO. TAO is located at-a distance
of around 44 m from one reactor core (TS-C1) of the
Taishan NPP and about 217 m from the other reactor core
(TS-C2). These two Taishan reactor cores contribute
more than 99.99% of TAQO's antineutrino signals with the
TS-C2 contributing 4%. TAO consists of a central detect-
or, an outer shielding, and a veto system. The central de-
tector contains 2.8 tons of gadolinium-doped liquid scin-
tillator filled in a spherical acrylic vessel with an inner ra-
dius of 0.9 m as the target volume, with the same hydro-
gen atom mass fraction and abundance as JUNO.
Charged particles in TAO are detected through scintilla-
tion and Cherenkov processes, which generate photons
detected by 4024 Silicon Photomultipliers (SiPMs) cover-
ing about 10 m? with ~50% photon detection efficiency.
The detector operates at —50 °C to reduce the SiPM dark
noise to an acceptable level (less than 100 Hz/mm?). The
central detector is surrounded by 1.2 m thick water tanks
on the sides, 1 m thick High Density Polyethylene
(HDPE) on the top, and 10 cm thick lead at the bottom to
shield against ambient radioactivity and cosmogenic
neutrons. Cosmic muons are detected by the veto system
including a water tank instrumented with PMTs and a
plastic scintillator array on the top. The TAO detector
will start operating around the same time as the JUNO
detector. For more information about the TAO detector,
please refer to Ref. [50].

TAO's detector response, expected IBD signal and
backgrounds, and their uncertainties are discussed in the
following sections.

A. TAO Detector Response

The TAO detector response model is constructed sim-
ilarly to that of JUNO as described in Section 2. In addi-
tion to the energy transfer, nonlinearity, and resolution ef-
fects, the energy leakage effect, which is the loss of en-
ergy due to prompt events depositing part of their energy
in non-active volumes, is considered specifically for TAO
due to its much smaller size with respect to JUNO. A
spherical fiducial volume cut of 25 cm from the LS
boundary is applied to reduce energy leakage, and mitig-
ate backgrounds. The modelling of the energy leakage,
nonlinearity, and resolution effects are introduced in de-
tail in the following.

The energy leakage effect is encoded in a dedicated
matrix, where the columns and rows represent the true
positron energy (including the annihilation gammas) and
the deposited energy in the active volume of the detector,
respectively.. The two-dimensional matrix is constructed
by running the TAO detector simulation with fixed-en-
ergy positrons from 0.8 MeV to 12 MeV uniformly dis-
tributed in the detector and extracting the deposited en-
ergy distribution. This results in a 2240x2240 energy
leakage matrix with 5 keV energy bin width, fine enough
compared to the 20 keV bin width adopted in the final fit-
ting.

The LSNL effect is modeled in the same way as for
JUNO in Section 2.2, and its uncertainty is treated as cor-
related with JUNO. This is based on the fact that the re-
cipes of the JUNO and TAO liquid scintillators are al-
most identical, as well as the nonlinearity calibration
schemes [59, 83], where similar calibration sources and
enclosures are used. Furthermore, no change on the non-
linearity curve is found for the TAO liquid scintillator at
—50°C based on a comparison of the measured light yield
curve of the Compton electrons induced by the 0.511
MeV and 1.275 MeV gammas at 20°C, —-20°C, and
-50°C with a ?Na source. An additional nuisance para-
meter is introduced to parameterize a possible difference
in energy scales between the two detectors. This uncorrel-
ated uncertainty takes a conservative value of 0.5%,
which is chosen based on the fact that both JUNO and
TAO can determine the energy peaks of neutron capture
on hydrogen with a precision of 0.1 —0.2% by using neut-
ron calibration sources [59, 83]. The energy response
non-uniformity of TAO introduces a 0.3% uncertainty on
the energy scale.

TAO’s energy resolution is the same as in Ref. [50]
but with two additional effects included: the energy re-
sponse non-uniformity effect and the fluctuation of Cher-
enkov light emission [83]. Using a three-dimensional cal-
ibration of the detector response [83], the non-uniformity
can be corrected with a residual value of 0.2% which has
a small impact on the energy resolution. Cherenkov light
emission simulation is implemented in the TAO detector
with the same method as in the JUNO detector [49]. Des-
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pite these improvements, the new resolution curve shown
in the inset of Figure 2 is very close to that of Ref. [50].

The predicted energy spectra after incorporating dif-
ferent effects in the energy response of the TAO detector
are shown in Figure 4. The IBD positron energy spec-
trum is calculated with the reactor antineutrino flux from
both TS-C1 and TS-C2, convoluted with the IBD cross
section. Then the energy leakage effect is applied which
causes an energy shift due to energy loss, followed by the
the effects of liquid scintillator nonlinearity and energy
resolution in sequence.

B. TAO Signal and Backgrounds

The reactor antineutrino flux emitted from the
Taishan reactor cores is observed simultaneously by TAO
and JUNO. In the prediction of the IBD signal, TAO dif-
fers from that of JUNO in terms of baseline, target mass,
live-time, and detection efficiency, while sharing the
same IBD cross section and reactor antineutrino flux
model as described in Section 3.1. The averaged fission
fractions of the antineutrino flux for both detectors are
also very similar.

TAO has a baseline of around 44 m from the core of
TS-C1 as its main source, which means basically no os-
cillation effect will show up in the standard three-flavor
neutrino oscillation model. The target mass of TAO is 2.8
tons with a fiducial mass of around 1 ton. The detection
efficiency, which includes the IBD selection efficiency
and the fiducial volume cut, is calculated to be 17% from
the TAO detector simulation. The veto system brings a
dead time of 9.6% evaluated from the simulation with the
measured cosmic muon rate. In total, TAO will observe
around 1000 neutrino signals per day in the fiducial

volume. A conservative relative rate uncertainty of 10%
is assigned to the detection efficiency from the fiducial
cut uncertainty, which has a negligible impact on the res-
ult of the JUNO-TAO combined fit to be introduced in
Section 5. The reactor-related uncertainties of the Taishan
cores, such as reactor power and fission fraction uncer-
tainties, are fully correlated with JUNO.

The signal spectrum is derived from the Daya Bay-
corrected Huber-Mueller model and with TAO’s detector
response as described in Section 4.1. The signal spectra,
with and without detector effects, are shown in Figure 4.
In the JUNO-TAO combined fit, each bin of the initial re-
actor antineutrino-spectrum is kept unconstrained to elim-
inate reactor flux model dependence and is fully correl-
ated between JUNO and TAO. Due to the energy leakage
effect, the signal shape is different for different choices of
fiducial volume cut. Accordingly, the uncertainty in ver-
tex reconstruction is propagated to the signal shape un-
certainty, which is estimated to be less than 0.5% in most
of the energy regions. An additional uncertainty uncorrel-
ated for each bin is assigned to take into account the fact
that JUNO observes a group of reactors of different types
with asynchronized burn-up evolution while TAO ob-
serves mainly one Taishan core. This uncertainty is es-
timated to be 0.35% based on the available fission frac-
tion data from Taishan NPP and the antineutrino spectral
shape difference between 23U and 2**Pu.

Three main backgrounds are considered for TAO: fast
neutron and °Li/®*He backgrounds induced by cosmic
muons, and accidental background primarily caused by
the random coincidence of natural radioactivity events
with single neutron captures. The °Li/®*He background
rate has been determined through theoretical calculation,
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while the other two background rates are estimated from
the TAO detector simulation [84]. All the background
rates are summarized in Table 4. The fast neutron back-
ground spectrum is taken from the TAO detector simula-
tion, while the spectra of the other two backgrounds are
assumed to mimic those of JUNO. This approach is suit-
able for this sensitivity study since they will be measured
with data-driven methods. The energy spectra expected
for the three major backgrounds are shown in Figure 4.
Given the higher IBD rate due to the shorter baseline and
the smaller detector size, the other backgrounds relevant
to JUNO become negligible for TAO.

For the °Li/*He background, a rate uncertainty of
20% and a shape uncertainty of 10% uncorrelated
between each bin are assumed, similarly to JUNO. The
rate and spectrum of the accidental and fast neutron back-
grounds can be evaluated with data-driven methods. An
average of 1 month of reactor-off data per year is expec-
ted to provide a direct measurement of these back-
grounds. The reactor-off data can constrain the accident-
al background well, thus only a rate uncertainty of 1% is
assigned. With more than 3 years of data taking, the re-
actor-off data will provide sufficient fast neutron statist-
ics at a rate of 2000 events per day, when the muon veto
selection is not applied. The statistical uncertainty of this
control sample is assigned to each bin of the fast neutron
background spectrum, which is expected to be the domin-
ant uncertainty and generally less than 10%. The neut-
rino signal contamination from TS-C2 to this control
sample is percent-level, thus neglected.

Table 4 summarizes the signal and background rates
and shape models for TAO, as well as the uncertainties
considered.

V. ANALYSIS AND RESULTS

A.

The analysis is performed by three separate groups.
Each analysis group has implemented an independent
software for producing the predictions for the JUNO and
TAO detectors, handling the systematic uncertainties, and

Inputs and models

Table 4.

performing the statistical analysis. The groups carried out
detailed cross-checks at all stages of the analysis, from
the prediction of the energy spectra to the determination
of the sensitivity to the oscillation parameters and the
NMO. Consistent results are obtained and only one set of
results is presented in the paper.

The groups are using the same inputs which are fur-
ther referred to as the common inputs. These include the
antineutrino spectra from the reactors, IBD cross section,
detector efficiency, energy response, expected back-
grounds, and other parameters characterizing the per-
formance of the nuclear reactors and antineutrino detect-
ors. Compared to-Ref. [44], several updates that became
available after the publication have been incorporated.
Most notably, the full chain of the JUNO offline soft-
ware to perform detector simulation, electronics simula-
tion, waveform reconstruction [85], and event reconstruc-
tion [86, 87] is employed to predict the LSNL and en-
ergy resolution. We include updates to the detector geo-
metries, photon detection efficiency (PDE) from PMT
mass testing data [61], scintillation quenching effect,
Cherenkov light yield, PMT optical model [48], and li-
quid scintillator optical model. These updates have negli-
gible impact on the precision of the oscillation paramet-
ers in Ref. [44], but play an important role in the NMO
sensitivity by improving the energy resolution from 3%
to 2.95% at 1 MeV. More details about the evaluation of
the new energy nonlinearity and resolution can be found
in Ref. [49]. The implementation of the systematic uncer-
tainties in the energy nonlinearity and resolution in this
work follows a similar strategy as Ref. [44].

The prediction of the expected spectrum follows the
methods described in Sections 2 and 4. The result of the
prediction represents the number of events in a histogram
binned into 340 bins with 20 keV intervals in the major-
ity of energy range, as shown in Table 5. Wider bins are
used so each of them can provide at least 500 events to
ensure that the y? is unbiased.

Although the groups are using similar inputs and
methods, there are differences in how the IBD kinemat-
ics are integrated, which are explained in more detail in
the Appendix. However, the agreement is high among the

TAO signal and background rates, as well as shapes and their uncertainties. For the signal shape uncertainty, only effects

that have not been considered for the JUNO signal are explicitly indicated: FF refers to the additional fission fraction uncertainty intro-

duced to TAO to cover the difference in burn-up history observed by TAO and JUNO; FV refers to the uncertainty due to vertex recon-

struction uncertainty introduced by the fiducial volume cut; ES refers to the relative energy scale uncertainty to consider potential dif-

ferences between TAO and JUNO’s calibration effort.

Type Rate [day™'] Rate Uncert. [%] Shape Model Shape Uncert. [%]
Signal 1000 10 same as JUNO FF,FV, ES
Fast neutron 86 - TAO simulation <10%
9Li/8He 54 20 same as JUNO 10%
Accidental 190 1 same as JUNO -
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The definition of the bins of the histograms for the IBD prompt energy used in the analysis for both JUNO and TAO. The

Table 5.

total number of bins is 340 for each detector
Bin edges [MeV] 0.8 0.94
Bin width [keV] 140 20
Number of bins 1 325

7.44

7.8 8.2 12

40 100 380

three groups for both the JUNO and the TAO predictions.
In terms of the spectra, the relative difference is <107 in
90% of the energy range, excluding the low and high en-
ergies, where the numbers of events are low. In terms of
the rate, the relative difference is also <107°.

B. Statistical methods

The goal of the study is to estimate the median sensit-
ivity of the JUNO experiment to the neutrino mass order-
ing. The statistical methods in a frequentist approach are
thoroughly discussed in Refs. [88, 89]. In general, the test
statistic is defined as A7 =min7o(D)—minTyo(D),
where D is the data and 7 is the minimized function,
which is minimized over all the parameters, assuming
two mass orderings. The critical value 7¢ is chosen so
AT = T corresponds to the normal mass ordering, other-
wise to the inverted mass ordering. The sensitivity ‘or
confidence level of the test is defined as (1'—a), where
a=a(Tc) is the probability of rejecting the null hypo-
thesis H, (e.g. normal mass ordering) given H, is true.
We use the notion of "median sensitivity", which is
defined under the assumption that given the same value
of T¢, the probability 8(7¢) to accept the null hypothesis
H, equals 50% given the alternative hypothesis H; (e.g.,
inverted mass ordering) is true. The probability is ex-
pressed in terms of the number of standard deviations n,
such that a(n) = % [ e Pdx,

In this work, the sensitivity is estimated in a Gaussi-
an limit, where the median sensitivity is defined as
n=+/|AT|, with AT being the value of the test statistic
for expectation without fluctuations (Asimov data). On
average, AT > 0 (< 0) when the data follows normal (in-
verted) mass ordering. In the case of the Asimov data D,
min7yo(Dno) = minT1o(Dyo) = 0.

The groups use three different definitions of 7, either
based on the y? function, or approximately equal to it.
While the details are covered in the Appendix, we will
consider the construction, based on the Ay? in the follow-
ing text, which is defined as

T(ﬁ,sinzﬁn,ﬁ,f) = Z (/ld (5,sin2013,ﬁ,f) - Dd)T
d

(Veta

+ Vi, b)il (Hd - Dd)
+X§sc (Sin2 013) +/\/§uisA (77)

+X30rr.nuis. (Z)’ (1 0)

where  is a set of free parameters, including Am?2,, Am2,,
and sin’6,,, 7 is a set of all the uncorrelated nuisance
parameters, listed in Tables 6 to 8, and f is a set of par-
tially correlated parameters (Table 6). The index d enu-
merates detectors JUNO and TAO. The column u con-
tains the expected event spectrum; the column D con-
tains the data. The diagonal matrix Vi, contains the stat-
istical uncertainties, defined according to the Combined
Neyman-Pearson (CNP) [90] approach: (Via); =
3/(1/u;+2/D;). The matrix Vi, contains bin-to-bin un-
certainties: V{5 © is diagonal and contains background
shape uncertainties of the JUNO detector, while V3¢
contains background shape uncertainties of the TAO de-
tector, uncertainties due to the fiducial volume cut and
extra fission fraction uncertainties. Most of the listed bin-
to-bin uncertainties are uncorrelated between the bins and
thus contribute only to the diagonal. The uncertainties
due to the the fiducial volume cut are partially correlated
between the bins and thus make V4° non-diagonal.

The nuisance part is defined as
Xowis. (D =i =m)*/o*(n;) for the uncorrelated para-
meters and as Xz, Corr Q)= —-O"V;' (¢ =) for the cor-
related ones (fission fractions) with 7 used as column.
Here, 7; and / denote central values, o(x;) is the uncer-
tainty of i-th nuisance parameter, and V, is the covari-
ance matrix of a set of correlated parameters. The para-
meters themselves are discussed in the following section.
The sin’6,; is constrained in the term y2(sin*6;3) with
central value and uncertainty from PDG2020
[13]: sin’65 = (2.18 £0.07) x 1072.

The parameters of the reactor antineutrino spectrum
are contained either in ¥, where they are treated without
constraints (totally free) or in 77, when they are treated
with deliberately large uncertainties (almost free).

The models of the JUNO and TAO experiments, con-
taining the common reactor antineutrino part, are ana-
lyzed in a simultaneous fit which acts as a far/near meas-
urement: the TAO data is more sensitive to the reactor
antineutrino spectrum, while the JUNO data is sensitive
to neutrino oscillations. There is an alternative mode,
where only the JUNO detector is considered, and the
shape uncertainty of the antineutrino spectrum due to the
TAO measurement is implemented as a relative uncer-
tainty of each bin of the IBD histogram after applying the
detector effects. The corresponding nuisance parameters
are added to y3,. . The alternative approach follows the
analysis procedure defined in Ref. [44] and is used as a
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Table 6.

Summary of the systematic effects relevant for both JUNO and TAO detectors. The input uncertainties represent the con-

straints applied to the relevant nuisance parameters or the bin-to-bin uncertainties of the relevant spectrum. For JUNO, the rate uncer-

tainties are given relative to the expected IBD rate from Taishan, Yangjiang, and Daya Bay reactors, while for TAO, uncertainties are

given relative to the expected IBD rate from Taishan reactors for the DAQ time, required to reach 3o sensitivity to NMO. The individu-
al rate uncertainties for JUNO and TAO are 1.4% and 10%, respectively. Curly braces {} indicate that the line provides a summary of a
group of uncertainties, which are detailed below with extra indentation. The number of parameters in a group is a sum of the numbers

of parameters, corresponding to the next indent level. In total, the number of uncorrelated parameters is 73, and the number of partially

correlated parameters is 680. The uncertainties of the fission fractions are partially correlated between four isotopes in each reactor

core. Some of the systematic effects are propagated via bin-to-bin uncertainties, which are combined together for each bin and thus

contain 340 bins in total.

Systematic effect

Number of parameters

Relative uncertainty [%]

input JUNO rate TAO rate
Total uncertainty {73+680} 2.5 10
Statistical uncertainty 0.31 0.078
Systematic uncertainty {73+680} 2.5 10
Common {56} 2.0 2.2
Reactors {52} 2.0 22
Baselines - 0 0 0
Reactor flux normalization 1 2.0 2.0 2.0
Thermal Power 9 0.5 0.17 0.48
Spent Nuclear Fuel 1 30 0.084 0.085
Non-equilibrium neutrinos 1 30 0.19 0.19
Mean energy per fission 4 0.13-0.25 0.090 0.090
Fission fractions (part. correlated) 36 5.0 0.25 0.63
LSNL 4 100 0.0081 0.0028
Individual 1.4 10

cross-check, producing consistent results.

A dedicated Monte-Carlo (MC) study is performed
based on the complete model by each group in order to
test the applicability of the Gaussian limit for two cases:
a) no systematic uncertainties and b) full treatment of the
systematic uncertainties. Based on 100,000 pseudoexperi-
ments generated for each NMO, it is found that
n = +/|AT| provides a consistent estimation of the medi-
an sensitivity. As 7~ approximately follows the x? func-
tion, we will further refer to the test statistics as Ay?, and
we obtain Ay?2, = AT for Asimov data after minimizing
over all of the parameters in the test statistic.

Although the statistical methods are primarily de-
veloped for estimating the NMO sensitivity, they can also
be utilized to estimate uncertainties on the oscillation
parameters that agree with the results in Ref. [44].

C. Systematic Uncertainties

The free parameters of the analysis include
Am3,,Am3,, and sin’6y,, while sin’6,; is constrained as
mentioned in the previous section.

The parameters describing the shape of the energy
spectrum of reactor antineutrinos are common for JUNO

and TAO. As the fit of the common spectrum is an im-
portant part of the analysis, multiple options are used. In
one case, the correction to the antineutrino spectrum is
applied with 400 bins of 20 keV width starting from 1.8
MeV and a 100% uncertainty is applied via the nuisance
terms. In another case, the correction is applied with a
piece-wise exponential, defined on 149 segments of vary-
ing width starting from 1.8 MeV. The widths of the seg-
ments are chosen to be as wide as 1.5 of the width of the
energy resolution of the TAO detector at corresponding
E¥. A set of 150 parameters that control the values at the
edges of the segments are fit without constraints applied.
Other options were also used during the analysis, all
yielding consistent results.

A summary of the systematic effects relevant for both
JUNO and TAO detectors is given in Table 6. The break-
down of the effects, exclusive for the JUNO and for the
TAO detectors is presented in Tables 7 and 8, respect-
ively. All the uncertainties listed in these three tables are
considered in the combined analysis. In the second
column of the tables, the number of uncorrelated or par-
tially correlated parameters is reported. The input uncer-
tainty, shown in the third column, corresponds either to
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Table 7.

Summary of the systematic effects impacting only the JUNO detector. The input uncertainties represent the constraints ap-

plied to the relevant nuisance parameters or the bin-to-bin uncertainties of the relevant spectrum. The rate uncertainties are given relat-

ive to the expected IBD rate from Taishan, Yangjiang, and Daya Bay reactors for the DAQ time, required to reach 3¢ sensitivity to

NMO. Curly braces {} indicate that the line provides a summary of a group of uncertainties, which are detailed below with extra in-

dentation. The number of parameters in a group is a sum of the numbers of parameters, corresponding to the next indent level. The

number of uncorrelated parameters is 13, and the number of partially correlated parameters is 340, which corresponds to the number of

bins. Some of the systematic effects are propagated via bin-to-bin uncertainties, which are combined together for each bin and thus

contain 340 bins in total. Round brackets () are used to indicate the individual sources of bin-to-bin uncertainties. The IBD spectrum

shape uncertainty from TAO is not used in the main analysis, and therefore its impact on the rate is not included in the total uncertainty.

Systematic effect

Number of parameters

Relative uncertainty [%]

input rate
JUNO systematic uncertainty {13+340} 1.4
sin26;3 1 3.2 0.13
Matter density (MSW) 1 6.1 0.062
Detector normalization 1 1.0 1.0
Energy resolution 3 0.77,1.6,3.3 5.4e-07
Background rates {7} 0.96
Accidentals 1 1.0 0.019
°Li/*He 1 20 0.37
Fast neutrons 1 100 0.23
BC(a,n)'0 1 50 0.058
Geoneutrinos 1 30 0.84
Atmospheric neutrinos 1 50 0.19
World reactors 1 2.0 0.046
Background shape 340 0.033
°Li/*He (340) 10 0.012
Fast neutrons (340) 20 0.0026
BC(a,n)'0 (340) 50 0.0053
Geoneutrinos (340) 5.0 0.026
Atmospheric neutrinos (340) 50 0.011
World reactors (340) 5.0 0.010
IBD spectrum shape uncertainty from TAO 340 1.3-45 0.35

the uncertainty applied for the input parameter via the
nuisance term or to the relevant spectrum when added to
the bin-to-bin covariance matrix. Each systematic group
is propagated to the final event rate and shown in the last
column and second-last column (Table 6) as a ratio to the
IBD rate. The bin-to-bin (shape) uncertainties are defined
as corrections to the heights of corresponding histograms.
For example, the fast neutron relative shape uncertainty
O¢n. = 20% is applied to the fast neutron spectrum H™ to
build the diagonal covariance matrix Vi = (8¢, H™)?; the
bin-to-bin uncertainty due to the difference of the fission
fractions is applied to the IBD bins, etc.

The spectrum shape uncertainties are shown in Fig-
ures 5 and 6 for the JUNO and TAO detectors, respect-
ively. These uncertainties are obtained by propagating the

input uncertainties to the final spectrum, computing the
covariance matrix via differentiation, and taking square
roots of its diagonal terms. These uncertainties are repor-
ted for illustration purposes only, as they are not used in
the analysis directly. The diagonal part of the nonlinear-
ity covariance matrix has visible oscillations, which are
caused by the interplay between neutrino oscillations,
variation of the spectrum due to nonlinearity, and the
choice of the bin sizes. In the case of TAO, the features
due to the interplay of nonlinearity and bin sizes are less
pronounced in the absence of oscillations. The impact of
the energy scale on the TAO spectrum has a minimum at
around 3.4 MeV, as it is expected to be close to the mode
of the histogram. Its position is slightly offset to the high-
er energies due to the asymmetry of the histogram. The
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Table 8. Summary of the systematic effects impacting only the TAO detector. The input uncertainties represent the constraints ap-
plied to the relevant nuisance parameters or the bin-to-bin uncertainties of the relevant spectrum. The rate uncertainties are given relat-
ive to the expected IBD from Taishan reactors for the DAQ time, required to reach 3¢ sensitivity to NMO. Curly braces {} indicate that
the line provides a summary of a group of uncertainties, which are detailed below with extra indentation. The number of parameters in
a group is a sum of the numbers of parameters, corresponding to the next indent level. Some of the systematic effects are propagated
via bin-to-bin uncertainties, which are combined together for each bin and thus contain 340 bins in total. Round brackets () are used to
indicate the individual sources of bin-to-bin uncertainties. The uncertainties due to the fiducial volume cut are partially correlated
between the bins.

Relative uncertainty [%)]

Systematic effect Number of parameters -
input rate
TAO {4+340} 10
Detector normalization 1 10 10
Energy scale 1 0.50 0.0018
Accidentals' rate 1 1.0 0.20
°Li/*He rate 1 20 1.2
Bin-to-bin 340 0.086
°Li/*He shape (340) 10 0.038
Fast neutrons (340) 0.36-5.0 0.016
Fission fractions difference (340) 0.35 0.023
Fiducial volume (340) 0.091-14 0.072
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Fig. 5. (color online) Shape uncertainties of the predicted spectrum of the JUNO detector, presented relative to the number of IBD
events from Taishan, Yangjiang, and Daya Bay reactors in each bin for the DAQ time required to reach 3¢ sensitivity to NMO. The ab-
solute uncertainties are obtained by generating simulated samples, where systematic parameters are varied based on their assumed un-
certainties and taking square roots of diagonal elements of the resulting covariance matrices. The rate uncertainties of the spent nuclear
fuel and non-equilibrium corrections, as well as of the backgrounds, also distort the observed spectrum and are consequently included
in this figure. The square of the total uncertainty is the quadratic sum of all the individual uncertainties, except the TAO based flux un-
certainty, which is not used in the main analysis.
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(color online) Shape uncertainties of the predicted spectrum of the TAO detector, presented relative to the number of IBD

events from Taishan reactors in each bin for the DAQ time required to reach 3o sensitivity to NMO. The absolute uncertainties are ob-
tained by generating simulated samples, where systematic parameters are varied based on their assumed uncertainties and taking square
roots of diagonal elements of the resulting covariance matrices. The rate uncertainties of the spent nuclear fuel and non-equilibrium
corrections, as well as of the backgrounds, also distort the observed spectrum and are consequently included in this figure. The square
of the total uncertainty is a quadratic sum of all the individual uncertainties.

minimum of the uncertainty due to-the fiducial volume
cut has similar origins as the energy scale shift. The un-
certainty due to the fiducial volume cut is computed via
MC and thus contains fluctuations. The fluctuations are
then propagated to the IBD spectrum and affect the en-
ergy scale uncertainty.

D. Results

With the nominal configuration, statistical methods,
and uncertainty sources described in this work, we nu-
merically calculate JUNO's expected NMO sensitivity for
the Asimov dataset assuming JUNO and TAO start data
taking simultaneously. Since the three analysis groups
produce consistent |Ay2. | estimations within a relative
0.5% difference, only one result is shown here.

The |Ay?. | is slightly less than 9 for 6 years of react-
or antineutrino data at JUNO for both the normal and in-
verted mass orderings. After 7.1 years of data taking with
assumption of 11/12 duty factor for the reactors (an ex-
posure of 6.5 years x 26.6 GWy,), JUNO has a median
NMO sensitivity of 30~ (3.10) in the case of the normal
(inverted) mass ordering. Figure 7 shows the median
NMO sensitivity as a function of JUNO and TAO data
taking time for both NO and 10 hypotheses, and for the
cases of with and without all systematic uncertainties. It
is found that the sensitivity is primarily driven by statist-
ical uncertainty, resulting in Ay2. approximately follow-

ing a linear function of exposure. This relationship al-
lows for converting variations in Ay?Z, into the corres-
ponding adjustments of data-taking time required to reach
a median NMO sensitivity of 3o-.

The analysis is done with the Asimov data produced
with the oscillation parameters from PDG 2020 [13]. It is
worth noting that the previous published sensitivity [47]
of JUNO was based on the PDG 2014 [91]. In order to
demonstrate how the variation of the oscillation paramet-
ers affects the NMO sensitivity, an extra study is per-
formed by generating Asimov data with the oscillation
parameters shifted from the nominal values described in
Section 1. We scan the oscillation parameters within
+15% to cover the 3-sigma region around their central
values. It is found that [Ay?2, | is positively correlated with
sin6),, sin”6,3, and Am3, and anti-correlated with Am3,.
The right panel of Figure 7 shows the impact of the oscil-
lation parameter true values on the NMO sensitivity.

The energy resolution and exposure are crucial factors
for determining the NMO. We present the |Ay2, | con-
tours as a function of exposure and energy resolution in
Figure 8. The top panel shows the dependence on expos-
ure for energy resolutions of 2.8%, 2.9%, and 3.0% at 1
MeV. The right panel shows the |Ay2. | as a function of
energy resolution, with the nominal exposure of JUNO
reaching 3o significance. Although we have a more real-
istic detector response model, the dependence is similar
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the same time. The right panel shows the sensitivity dependence on the true values of the oscillation parameters, evaluated by shifting
the values 3¢ (of PDG2020 [13]) from the nominal values. The results are presented for the normal ordering for the exposure needed by

JUNO to reach 3o sensitivity.
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to our previous study in Ref. [47].

Table 9 shows the breakdown of the impact of the
systematic uncertainties on the NMO sensitivity for 7.1
years of data taking. The sensitivity is determined by cu-
mulatively considering the statistical uncertainty of the
reactor antineutrino sample and each source of systemat-
ic uncertainty. Only the rows with backgrounds and with
the total sensitivity take into account the statistical uncer-
tainty of the backgrounds, while the other rows consider
only the statistical uncertainty of the IBD sample. It can
be seen that the dominant systematics are the back-
grounds, reference spectrum uncertainty, and nonlinear-
ity uncertainty. If no external constraint is used for
sin*6,3, the Ay2,, decreases by another 0.4 (0.2) for the

Table 9.
sources of uncertainty on the NMO sensitivity. The sensitiv-
ity is determined by cumulatively considering the statistic un-

lustration of the relative impact of individual

certainty of the reactor antineutrino sample and each source of
systematic uncertainty. The common uncertainty includes the
systematic uncertainties listed in Table 6. The TAO uncer-
tainty includes the systematic uncertainties shown in Table 8.
The "|Ax2,,| change" column represents the decrease of |Ay2, |
compared to the previous row. The other backgrounds include
the atmospheric neutrino background, fast neutron back-
ground, and '*C(a,n)!O background. The total sensitivity
resulting from simultaneously considering all sources of error
is shown in the last row of the table. All uncertainties corres-
pond to the exposure of 6.5 years x 26.6 GW thermal power

case of NO (10). for JUNO.
Figure 9 demonst.raj[es the impgrtapce of the TAO de- Uncertainties A2l IAY2, | change
tector in NMO sensitivity by considering alternative con- St N NG and TAO s
figurations of the antineutrino spectral shape uncertainty, _
energy resolution, and exposure time. In a JUNO-only g MmO uncertzinty 108 -0.7
analysis without TAO, the NMO sensitivity diminishes as + TAO uncertainty 10.2 -0.6
the antineutrino spectral shape uncertainty increases, em- + JUNO geoneutrinos 9.7 -0.5
phasgmg the dependence of the sensitivity on the_anti- + TUNO world reactors 04 0
neutrino flux model. In contrast, the model-independent _
analysis of JUNO+TAO maintains the sensitivity even *JUNO accidental 9:2 02
with antineutrino spectral shape uncertainty of larger than +JUNO °Li/®He 9.1 —0.1
100%, as long as TAO achieves a similar (3%) or better + JUNO other backgrounds 9.0 ~0.05
(2%) energy resolution than JUNO. However, a TAO en- Total 9.0
ergy resolution at the level of Daya Bay detector (8.5%)
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(color online) NMO sensitivity examination under various configurations of antineutrino spectral shape uncertainty, TAO en-

ergy resolution and exposure. Top: Nominal JUNO+TAO analysis results (marked as a star) use an exposure of 6.5 yearsx26.6 GWy,,
the nominal TAO energy resolution (~2% at 1 MeV), and 100% antineutrino spectral shape uncertainty. The NMO sensitivity (red) is
scanned as functions of antineutrino spectral shape uncertainty. For cases of worse energy resolution, the NMO sensitivity is also calcu-
lated by changing the TAO energy resolution to the values of Daya Bay (~8.5% at 1 MeV) and JUNO (~3% at 1 MeV). Without the
TAO detector, the sensitivity of JUNO-only case (black dot-dashed line) is also studied for comparison. Bottom: JUNO+TAO sensitiv-
ity versus the TAO exposure time given a fixed exposure for JUNO in the cases of 100% antineutrino spectral shape uncertainty (black)

and free spectral shape (red).
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results in almost total loss of the NMO sensitivity in the
absence of external constraints on the antineutrino spec-
tral shape. TAO exposure is another important factor, and
the bottom panel of Figure 9 shows a few years of run-
ning time are needed to maximize the NMO sensitivity.

VI. CONCLUSION

JUNO and TAO detectors are in an advanced con-
struction status and are expected to start detector commis-
sioning in near future. The JUNO detector, located at
52.5 km from the Taishan and Yangjiang reactors, will
collect about 16 thousands IBD signals per year with a 20
kton liquid scintillator target. The TAO detector will be
placed at 44 m from one of Taishan reactor cores, and it
will measure the reactor antineutrino energy spectrum
with negligible neutrino oscillation. Their unprecedented
energy resolution will enable it to make a precise meas-
urement of the antineutrino energy spectrum for the iden-
tification of the NMO.

In this paper, The NMO sensitivity is assessed using
the most recent information available to date about the
location and overburden of the experimental sites, the
local and global nuclear reactors, responses of both de-
tectors, the signal and background estimations, and the
systematic uncertainties. Three independent analyses are
conducted, all starting with the same common inputs, and
producing consistent results on the sensitivity. The medi-
an sensitivity to reject the wrong mass ordering is found
to be 30 with an exposure of 6.5 years x 26.6 GW
thermal power, assuming the normal ordering is true. The
corresponding data taking time is 7.1 years, under the as-
sumption of an 11/12 duty factor for the reactors. If the
inverted ordering is true, the median sensitivity is 3.1o
for the same exposure.

This paper focuses on JUNO's sensitivity to the NMO
using reactor antineutrinos exclusively. However, it has
been demonstrated that incorporating external constraints
on Am2, from other experiments, as well as information
from atmospheric neutrinos in JUNO, can enhance its
sensitivity [47, 51, 52]. JUNO will play an unique role in
identifying the NMO without relying on matter effects,
without any dependency on §cp and 6,3, and with liquid
scintillator detector technology. These measurements will
thus be unique in the world and have a high degree of
complementarity to those pursued by other experiments,
increasing confidence in the NMO determination and en-
abling powerful tests of the three-neutrino framework.
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APPENDIX: DIFFERENCES BETWEEN
THE ANALYSES

The prediction of the expected spectrum follows the
methods described in Sections 2 and 4. The process of
prediction goes from neutrino energy E" to reconstructed
energy £ via a chain:

E'— E¢ (EV,COSQ)—) Edep (Ee)_) Evis (Edcp) — Erec (Evis) ,

LSNL  resolution

(AD)

kinematics  annihilation+leakage

which, while closely related to the processes inside the
detector, is approximated in a treatment of the detector
effects, most notably of the gammas from the annihila-
tion.

More than 98% of the neutrino energy E” is conver-
ted to the positron energy E° in the IBD process [58, 92].
After annihilation with an electron, the total deposited en-
ergy £°? consists of the kinetic energy of the positron and
two electron masses, which are contributed by the two
gammas from the annihilation. At this stage, the differ-
ences in the detector response to the positron and gam-
mas are ignored. For the TAO prediction, the energy
leakage is taken into account during this step. Then, by
applying the distortion due to LSNL, different quenching
for the positrons and gammas [60] is taken into account.
Finally, a finite energy resolution is considered to provide
the reconstructed energy E™. The result represents the
number of events in a histogram binned into 340 bins
with 20 keV intervals in the most of the energy range, as
shown in Table 5. Wider bins are used so each of them
can provide at least 500 events, ensuring the x? is un-
biased.

The core difference between the groups, referenced as
A, B, and C, lies in their way of handling the kinematics
of the IBD interaction. The generalized formulae for the
groups are shown in Equations (12) to (14). Here the
common items, e.g., the oscillation probability, are omit-
ted in order to simplify the description.

To estimate the number of IBD events N; in a particu-
lar £7° energy bin i, each group uses a different method
of integration. The Group A computes the triple integral
(12) of the differential IBD cross section do/dcosf and
reactor antineutrino spectrum S over the neutrino energy
EY, reconstructed energy E™, and cos6. It takes into ac-
count the energy smearing due to neutron recoil via the
scattering angle of the positron cos@, detector energy res-
olution, and LSNL within conversion to reconstructed en-
ergy E™ (EY* (E“P(E*(E",cos6)))). The Group B uses
the double integral (13), which considers the neutron re-
coil-related energy smearing and LSNL, defined within
the conversion of neutrino energy to visible energy
Es (E“? (E¢(E”,c0s0))). The energy resolution is taken
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into account via the energy smearing matrix C**. The
Group C also computes the double integral (14), which
takes into account the energy conversion from neutrino
energy to deposited energy. The LSNL and energy resol-
ution are applied via the detector response matrix C.

B 15MeV 1
Group A: N; = / dErec/ dEV/ dcos®
Ere 1.8MeV -1
do
XS (E") —— (E”,cos0)R(E™° | E”),
dcosd
(A2)

vis

Group B: N; = z:CE’es / _ "

1
dE"™ / dcosf
E;:* -1
dE” dE%P
dEdep dEvns ’
(A3)

xS (Ev)i(EV cosf) ——

E 15MeV

Group C: N, = ZC,j/i Ede"/ dE’
1

.8MeV
do (E",E*P)

XS (E") —

(A4)

The matrices C** and C are built analytically based

on the Gaussian smearing with the resolution (7) and in-
terpolated LSNL curves (see Section 2.2). The IBD cross
section, reactor antineutrino spectrum, and relevant sys-
tematic uncertainties are shared between the JUNO and
the TAO detectors. The integration is done within bins of
the size of 5 keV, and the detector effects are applied as
matrices defined on the same intervals. In the end, the
histograms are rebinned into the final 340 intervals to es-
timate the number of IBD events in each energy bin.

As for the statistical methods, the Group A is using
Equation (10), as discussed in Section 5.2. The Group B
uses the same formula, but with the regular Pearson's
definition of the statistical uncertainties (Vg); =y in-
stead of CNP. For the nuisance term for the oscillation
parameter, the sin? 26,5 is used instead of sin®6,3.

The: Group C uses the ratio of Poisson functions for
the statistical part of the test statistic:

TC (’5, sin2 2913, 77, Z)
- 5 D¢
=2%" (,uf.’(ﬂ, sin 26,3, 7,0) — D? + D' log —;)
d,i H
+X§sc (Sinz 2913) +X121uis. (77) +X§orr.nuis4 (Z) (AS)

The nuisance part in this case also contains all the
bin-to-bin uncertainties.
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